vibrational spectra in 3,3-dimethyl-1-butanol, (CH 3 ) 3 CCH 2 CH 2 OH, and 3,3-dimethyl-2-butanol, (CH 3 ) 3 CCHOHCH 3 , were measured by the inelastic incoherent neutron scattering and mid infrared spectroscopy and for 3,3-dimethyl-2-butanol additionally by the far infrared absorption method. Experimental results were discussed and compared with the results of the quantum chemical calculations performed by the density functional theory (DFT/B3LYP/6-311G * * ) and semi-empirical PM3 calculation methods assuming the isolated molecule approximation.
Introduction
The 3,3-dimethyl-1-butanol (3,3-DM-1B) and 3,3-dimethyl-2-butanol (3,3-DM-2B) are the branched primary and secondary alcohols, respectively. These substances are isomers of neohexanol with the general chemical formula C 6 H 13 OH. Their solid phase polymorphism has been identified by the differential scanning calorimetry (DSC) and adiabatic calorimetry methods [1, 2] . For 3,3-DM-1B on cooling down to 13 K glass of isotropic liquid was formed and it softened (1131) during heating at 156 K. At 196 K the crystallization of the supercooled liquid occurred and at 234 K melting of the stable crystal was observed. On cooling of 3,3-DM-2B to liquid nitrogen temperatures a crystallization of the orientationally disordered plastic crystal C1 (ODIC) occurs at 260 K and it transforms into glass of plastic crystal at 210 K. On heating the ODIC phase C1 appeared at 210 K, and next solid-solid phase transitions took place at 245 K and 271 K, and at 275 K melting was observed [2] . At 20 K in 3,3-DM-1B glass of isotropic liquid phase (on fast cooling) or crystal phase (on slow cooling) were identified by the inelastic incoherent neutron scattering (IINS) spectra obtained using different temperature treatment of the sample [3, 4] and only glassy crystal in 3,3-DM-2B.
This paper presents the results of the observations of the vibrational modes in 3,3-DM-1B and 3,3-DM-2B with help of the inelastic incoherent neutron scattering method as well as of the mid infrared (MIR) absorption spectroscopy and the far infrared (FIR) spectroscopy (for 3,3-DM-2B only). The IINS and FIR spectra measured at 20 K and MIR spectra measured at room temperature are interpreted in terms of the bands of the normal modes obtained by quantum chemical calculations.
Experimental details
The investigated samples have been purchased from the Aldrich Chemical Company. The IINS measurements of 3,3-DM-1B and 3,3-DM-2B have been carried out in the energy range up to 1600 cm −1 and the temperatures from 20 to 290 K using the inverted geometry time-of-flight (TOF) spectrometer NERA-PR at the IBR-2 flux pulsed reactor at JINR described in [5] .
The FIR absorption measurements have been carried out with the DIGILAB FTS-14 spectrometer in the 40-500 cm −1 frequency range; the resolution has been 2 cm −1 . The temperature dependence of the FIR absorption spectra of 3,3-DM-2B has been measured in the temperature range 25-290 K.
The MIR spectra of 3,3-DM-1B and 3,3-DM-2B have been measured at room temperature in the liquid phase in the frequency range of 400-4000 cm −1 . The measurements have been carried out with the Excalibur FTS 3000 spectrometer. The resolution of our spectra is close to 2 cm −1 .
Calculations of structure and dynamics of free molecules
The geometry of isolated molecule has been optimized in the first step by the semi-empirical PM3 method because its conformational structure is unknown. In the second step, the structure has been optimized using the Gaussian'03 program [6] by the density functional B3LYP (Becke 3-Lee-Yang-Parr correlations) [7, 8] with the basis set 6-311 G * * . The structures of the lowest energy conformers of 3,3-DM-1B and 3,3-DM-2B calculated on the B3LYP/6-311G * * level are displayed in Fig. 1 . The parameters of geometry of both isomers studied are shown in detail in Table I . One can see that the results of PM3 method are close to these of density functional theory (DFT) method. The optimized molecular structure of isolated molecule is dependent on the level of the calculation methods. The structure of the 3,3-DM-1B and 3,3-DM-2B molecules is characterized by C 1 symmetry confirmed by DFT calculations with the electronic energy (E e ) of -312.38 Hartree * and −312.39 Hartree, respectively. Additionally, the potential energy of the molecule as a function of reorientation angle of t-butyl group around C2-C3 bond for an isolated molecule has been calculated by the semi-empirical PM3 method (see Fig. 2 ). The heights of three potential barriers for 3,3-DM-1B are equal to 3.45 kcal/mol, 3.79 kcal/mol, and 3.36 kcal/ mol for angles 60
• , 180
• , and 300
• , respectively. For 3,3-DM-2B the potential barriers of reorientation of t-butyl group around C2-C3 bond are higher -they are equal to 4.69 kcal/mol, 4.93 kcal/mol, and 4.84 kcal/ mol for the same angles.
Calculations by the DFT method performed by Gaussian'03 program [6] allow to establish the frequencies of normal modes, ν j , and displacements A n (ν j ) in corresponding normal mode j of a molecule of n atoms, as well as the IR intensities of normal modes. Neutron scattering intensities G(ν) defined as
have been calculated using the α-Climax program [9] . Next, using the program RES [10] , neutron scattering intensities were convoluted with the resolution function of the NERA spectrometer in order to obtained calculated phonon density of states G cal (ν). The calculated neutron scattering intensities G cal (ν) for 3,3-DM-1B and 3,3-DM-2B in form of the Dirac delta at the calculated frequencies are presented in Figs frequency range up to 800 cm −1 ). Calculated IR intensities are presented in Figs. 5 and 6 together with optical spectroscopy results. . Experimental FIR and MIR spectra for 3,3-DM-2B in glassy crystal and liquid phase, respectively, compared with the spectra calculated by DFT method using the B3LYP/6-311G * * basis set.
Using the gOpenMol program [11] visualization of vibrational motions of atoms in molecule and interpretation of each mode was performed.
Comparison of experimental and calculated spectra
In Table II the frequencies of normal vibrational modes obtained experimentally by IINS, MIR, and FIR methods are compared with calculated frequencies for 3,3-DM-1B and 3,3-DM-2B. It occurs that G cal (ν) spectra calculated in the one-phonon scattering approximation for the isolated molecule are in relatively good agreement with the G exp (ν) experimental ones above ca. 180 cm −1 . In a solid phase, vibrational bands interpreted as torsional modes around C2-C3 bond appear at the lower energy transfer on smooth background of lattice phonons. The bands responsible for librational modes of methyl groups and deformational vibrations of skeleton appear in the frequency range from about 180 cm −1 to 600 cm
while methyl and methylene wagging modes appear near 800 cm −1 . 
δ[C3-C4-H]31% δ[C3-C5-H]29% δ[C3-C5-H]25% δ[C3-C4-H]17% δ[C3-C6-H]10%

[C2-C1-H]43% δ[C2-C1-H]16% δ[C3-C6-H]10% δ[C3-C2-H]11% δ[C1-O-H]10%
[H-C5-H]37% δ[H-C1-H]15% δ[H-C4-H]32% δ[H-C2-H]15%
[H-C4-H]52% δ[H-C6-H]14% δ[H-C6-H]13% 1484.7 1361.2 δ[H-C6-H]23%
1507.5 1362.
δ[H-C6-H]37% δ[H-C4-H]12% δ[H-C1-H]19% δ[H-C4-H]11% 1491.2 1364.5 δ[H-C2-H]31%
1511.0 1364.7
δ[H-C6-H]25% δ[H-C5-H]20% δ[H-C4-H]17% δ[H-C6-H]12% δ[H-C1-H]12% 1493.0 1368.6 δ[H-C4-H]23%
1513.5 1370. In IINS method a contribution of the O-H mode to the density of states function is small when compared to contribution of modes connected to thirteen other hydrogen atoms in the molecule. In MIR spectra of 3,3-DM-1B (3,3-DM-2B) shown in Fig. 5 (Fig. 6) Table II . The hydroxyl group modes were observed to be overlapped by weak C-H group vibrations. It is important to note that frequency of modes in the experimental MIR spectra and those calculated by DFT method and also by PM3 method are similar.
δ[H-C6-H]14% δ[H-C5-H]31% δ[H-C6-H]20%
Final remarks
This work presents results of DFT (B3LYP/6-311G * * ) calculations for 3,3-DM-1B and 3,3-DM-2B isomers of neohexanol. They were undertaken to reproduce the vibrational density of states G exp (ν) obtained using IINS method and the experimental FIR and MIR spectra. Calculated frequencies of stretching C-C and C-H modes as well as of deformational C-C-H modes agree well with those found in the experimental MIR spectra of liquid phase in both substances. The main features of G exp (ν), i.e. torsional out-of-plane modes of t-butyl group and methyl groups around C-C bond and deformational C-C-C modes, detected in the frequency range up to 600 cm −1 were satisfactorily identified by G cal (ν) calculated in terms of isolated molecule approximation. Threefold symmetry potential for rotations of t-butyl group around C-C axis was confirmed in both substances studied. DFT calculations for dimer and higher order molecular clusters are in preparation, in order to investigate influence of hydrogen bonds on hydroxyl groups dynamics and other vibrational modes of free molecule.
